Near threshold all-optical backaction amplifier 
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A near threshold all-optical backaction amplifier is realized. Operating near threshold in an integrated micron- 
scale architecture allows a nearly three orders of magnitude improvement in both gain and optical power require- 
ments over the only previous all-optical implementation, with 37 dB of gain achieved for only 12 //W of input 
power Minor adjustments to parameters allows optical filtering with narrow bandwidth dictated by the me- 
chanical quality factor Operation at cryogenic temperatures may enable standard quantum limit surpassing 
measurements and ponderomotive squeezing. 



Optical amplifiers are ubiquitous in present-day commu- 
nications and sensing technologies, and are fundamental to 
many high precision scientific endeavors. The classic ex- 
ample is the erbium doped fiber amplifier (EDFA) which, 
with pump power and gain of around 100 mW and 20 dB 
respectively Q, dramatically reduces power consumption and 
speeds up performance in long-haul fiber optic communica- 
tions, enabling modern optical telecommunications networks. 
It is well known that phase sensitive amplifiers based on the 
optical parametric nonlinearity offer the means to both fur- 
ther reduce pump power, with nonlinear thresholds at the 
level of microwatts 111 13, and boost noise performance past 
the 3 dB quantum limited noise figure of phase insensi- 
tive amplifiers 1 41. This letter reports an on-chip all-optical 
phase sensitive amplifier where, in contrast, the nonlinearity 
arises, not from an intrinsic optical nonlinearity, but rather 
from the radiation pressure driven dynamical interplay be- 
tween the optical and mechanical structure of a microcavity 
optomechanical system. Such backaction amplifiers\5\ are 
but one example of the rapid progress currently occurring 
in the emergent field of cavity optomechanics based on the 
dynamical backaction between light and matter; with recent 
demonstrations of mechanical cooling [6j-£8J, optomechani- 
cal induced transparency (OMIT) (91, regenerative mechan- 
ical oscillation (61 [TOl [TTl, optomechanical induced chaotic 
oscillation (El, tunable phonon lasers 1 13] and even techno- 
logical applications such as a photonic radio frequency (RF) 
down converter lll4i . 

The first demonstration of backaction amplification, and 
only previous all-optical demonstration, used an electronically 
locked Fabry-Perot cavity with milligram eflTective mass(5l. 
However, due to the close proximity of parametric instability, 
operation was precluded near the threshold for optomechani- 
cal parametric oscillation where the amplification is strongly 
enhanced. This limited the gain achieved to 8 dB, with 10 mW 
of input optical power. Here, by contrast, the optomechanical 
resonator is an integrated monolithic silica microtoroidfTSl 
with microgram eflTective mass, high mechanical stability, 
and ultrahigh optical quality factor. Critically, the thermal 
bistabilityl 16] of silica provides strong thermo-optic locking 
to the blue detuned side of optical resonance (TTl [El • This 
allowed operation close to parametric instability, resulting in 
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FIG. 1 : (color online) a) Illustration of the backaction amplification 
experiment, b) SEM image of a microtoroid cut via focused ion beam 
milling to show the rim off'set relative to the plane of the disk. The 
rim diameter was characterised to be 4.5 + 0.5yt/m. c) Finite element 
model of the mechanical first order crown mode used for this work, 
d) Typical optomechanical response determined via network analysis 
showing amplification increasing as the incident power approaches 
threshold. 



a nearly three orders of magnitude improvement in both gain 
and optical power requirements, with 37dB of gain achieved 
for only 12 yuW of input power. 

Parallel to the all-optical architecture reported here, near 
threshold backaction amplification has very recently been re- 
ported in two other architectures, microwave signal amplifi- 
cation via microwave resonators capacitively coupled to a mi- 
cromechanical resonator| 19], and optical signal amplification 
and ponderomotive squeezing via the coupling of the centre- 
of-mass-motion of a cloud of ultracold atoms to a Fabry-Perot 
cavity field| 20 |. In the latter case, the atto-gram mass of the 
atom cloud led to remarkably low power requirements, with 
20 dB of gain observed for tens of pico-Watts of input power. 
In contrast to these developments, our architecture is compat- 
ible with radiation pressure driven on-chip photonic circuits 
and photonic communication! 29], with fabrication achieved 
using standard lithography techniques suitable for integration 
into wafer scale technologies and the capacity for highly eflft- 
cient direct coupling to telecommunications optical fiber. Fur- 
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thermore, when cooled into a cryogenic regime, the quantum 
Hmited signal amplification provided by this system could en- 
able length fluctuations of the cavity to be measured with sen- 
sitivity far surpassing the standard quantum limit (SQL)|21 1. 

Photon reflection at the surface of an optical resonator 
transfers momentum to its mechanical structure with the mod- 
ified resonator geometry in turn acting back upon the radiation 
field| 22 |. This radiation pressure induced mutual coupling of 
the optical and mechanical modes has been considered the- 
oretically for decades 1 23] EH 5 particularly in the context of 
gravitational wave interferometers 1 25 1. In addition to impos- 
ing the SQL as a fundamental detection limit, the static back- 
action of the light on the cavity can influence the behavior of 
the optomechanical resonator, including such efl'ects as opti- 
cal bistability| 26 | and radiation pressure induced changes in 
the mechanical rigidity of the cavity, referred to as the opti- 
cal spring efl'ect| 27 |. The observation of dynamic backaction, 
where the decay time of photons inside the cavity is compa- 
rable to or longer than the mechanical oscillator period, has 
recently become possible with advances in nano and micro 
fabrication techniques. 

Detuning the optical field incident on a cavity optomechani- 
cal system onto the blue side of resonance causes energy trans- 
fer from the optical field into the mechanical oscillator |[28]| . 
At sufficiently high optical power a threshold condition oc- 
curs where mechanical loss is completely off'set by mechan- 
ical gain. Beyond this power level, regenerative mechanical 
oscillation occurs with exponential growth in the mechani- 
cal oscillation followed by inevitable saturation. Key to the 
optomechanical amplifier reported here is to operate just be- 
low threshold where mechanical fluctuations are greatly am- 
plified, without the presence of saturation. In this regime, 
amplitude modulations on the optical field entering the mi- 
croresonator are imprinted via radiation pressure onto the me- 
chanical motion, amplified by the optomechanical interaction, 
and then encoded back onto the phase of the intracavity field. 
Upon exiting the cavity, depending on the optical detuning 
and coupling rate constructive or destructive interference can 
be achieved with the fluctuations reflected directly from the 
cavity. This enables dynamical backaction amplification! 5 1, 
narrowband spectral filtering, and ultimately ponderomotive 
squeezing 1 20 1 . 

Figure ^A) illustrates the experimental setup of the back- 
action amplifier reported here. A New Focus Velocity laser 
was tuned, polarized, amplitude modulated and coupled via 
tapered optical fiber to a silica microtoroid| 15 |. The input 
power was controlled by an optical attenuator, and the ampli- 
tude modulation was provided by a network analyzer (Agilent 
E5061A) signal applied to the input beam via a Mach Zehn- 
der interferometer with depth of modulation chosen to ensure 
good contrast from mechanical Brownian noise for all input 
power levels. The input optical field was detuned to the blue 
side of optical resonance causing the desired regenerative am- 
plification, and imprinting the cavity length fluctuations due 
to mechanical motion onto the amplitude quadrature of the 
output field. The output field was directly detected on a sili- 




FIG. 2: (color online) Backaction amplification as a function of fre- 
quency for various pump powers. Network analyzer bandwidth: 300 
Hz, sweep time: 5 seconds. Grey traces: experimental results. Black 
lines: model. Incident power in //W: a) 3.0, b) 5.4, c) 7.2, d) 9.0, 
e) 10.2, f) 12.0. Figure g): Optomechanical response for transmit- 
ted power versus input power and frequency. Figure h): Model of 
optomechanical response versus input power and frequency. Model 
parameters: Qo - , Qm - 480, meff = 64yL/g, optical detuning 

A = 3 MHz, input coupling rate 7in/2:/r =13 MHz, strength of Kerr 
nonlinearity A/2;7r = 0.30 + 0.14/ MHz (supplementary information). 



con photodiode (New Focus 1801-FC). Throughout data tak- 
ing it was critical that both optical detuning and coupling rate 
were maintained stably. Both parameters were dependent on 
the incident optical power. As the incident power is increased 
the detuning decreases due to enhanced thermal locking, and 
the optical coupling rate increases due to the enhanced cavity 
evanescent field which increases the dipole force on the taper 
and pulls it into closer proximity to the toroid. Consequently, 
techniques were developed to monitor and stabilise both pa- 
rameters in real time. The optical detuning was controlled 
throughout the experiments by tapping off' a small fraction of 
the input and output optical ffelds and adjusting the frequency 
of the laser to maintain the ratio at a constant level. The opti- 
cal coupling rate was monitored by applying a dual frequency 
amplitude modulation to the input ffeld, with one frequency 
(100 MHz) outside and the other (30 MHz) approximately 
equal to the optical linewidth. The phase of the output signal 
at 30 MHz was then much more sensitive to the optical cou- 
pling rate, than that of the 100 MHz signal. The ratio of the 
two signals, after being mixing down to DC, provided a con- 
trol diagnostic and the taper position was adjusted to maintain 
this at a constant level throughout experiments. Both frequen- 
cies were far greater than the mechanical resonance frequency 
(6.254 MHz), and hence these additional modulations had no 
eff'ect on the optomechanical response. 

The mechanical noise spectrum was determined via spectral 
analysis of the output photocurrent without applied amplitude 
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FIG. 3 : Maximum amplification as function of input power. Points 
(a) and (b), comparison of amplification achieved with (a) and with- 
out (b) reducing the input modulation by a factor of 24 dB. Solid 
line: blue detuned model. Dotted line: Equivalent predictions for red 
detuning. Vertical line indicates threshold. Model parameters same 
as for Fig [2] 



modulation. As the input power was increased a gradual in- 
crease in both the mechanical quality factor and mechanical 
noise power was observed, as expected in the approach to re- 
generative amplification. The onset of regenerative amplifica- 
tion was found to occur at an input power of 12 jiW at which 
point the balancing of dissipation with gain resulted in a dra- 
matic increase in mechanical noise power as expected, and 
consistent with previous work| ll |. Applying the amplitude 
modulation and sweeping its frequency across the mechanical 
resonance allowed the optomechanical response to be char- 
acterized via network analysis. Fig.[2ja-f) show the intensity 
response, and associated theoretical model (supplementary in- 
formation) as the incident power approaches regenerative am- 
plification threshold. At frequencies lower than the mechan- 
ical resonance frequency optical amplification is observed 
due to optomechanical amplification within the resonator, and 
subsequent constructive interference between the light exit- 
ing the resonator and that transmitted directly through the 
fiber. Above the mechanical resonance frequency, by con- 
trast, deamplification occurs due to the phase change in the 
mechanical response, and the resulting destructive interfer- 
ence. As the pump power is increased towards threshold with 
the detuning and coupling rate kept constant the magnitude of 
the amplification increases and the mechanical resonance fre- 
quency is shifted due to the optical spring effect. Fig.|2jg) and 
Fig. [2|h) compare the theoretically predicted and experimen- 
tally observed optomechanical response for eighteen diflfer- 
ent power levels, with excellent agreement obtained once the 
intensity dependent phase shift due to the optical Kerr non- 
linearity of silica is taken into account (supplementary infor- 
mation). 
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FIG. 4: Optomechanical response with parameters optimized for de- 
structive interference. Black line: model. Grey trace: experiment. 
Optical power at approximately 60 % of threshold, go = 6 x 10^, 
Q,n = 480, meff = 64 jug, A = 2.92 MHz, input coupling rate 
yin/27T = 8 MHz, strength of Kerr nonlinearity A/In = 0.30 + 0.14/ 
MHz (supplementary information). 



The peak mechanical amplification as a function of power 
is shown in Fig. |3] It can be seen that the amplification in- 
creases close the threshold in good agreement with theory, but 
saturates at a maximum of around 22 dB. This saturation was 
due to the depth of modulation on the output field approach- 
ing 100 %, and was eliminated by reducing the input depth of 
modulation by 24 dB with other experimental conditions un- 
changed. This allowed a maximum of 37 dB of amplification 
to be achieved in good agreement with theory, as shown by 
the two additional measurements labeled (a) and (b) in Fig.|3] 

By optimizing the destructive interference between the di- 
rectly transmitted and optomechanically amplified modula- 
tions, the backaction amplifier demonstrated here can also be 
used as a narrow band all optical filter and, at cryogenic tem- 
peratures, to generate ponderomotive optical squeezing | 20'|. 
We demonstrate the former here by undercoupling the optical 
field and operating well below threshold. Figure [4] shows the 
typical optical response in this regime with a narrow band sig- 
nal suppression of around 20 dB with a 3 kHz full width half 
maximum. As has been pointed out before 1301 , this narrow- 
band destructive interference has similarities to optomechani- 
cal induced transparency (OMIT) where the intracavity probe 
field destructively interferes when the two photon resonance 
condition is met| 9l. 

By amplifying the intracavity phase modulation on an opti- 
cal field, cryogenically cooled optomechanical amplifiers are 
predicted to be capable of displacement sensitivity beyond 
the SQL (5] [211 (see supplementary material). Fig. [5] shows 
the level of sensitivity enhancement predicted for the device 
reported here using our experimentally determined parame- 
ters (see supplementary information for calculation). FigjSj^a) 
compares the predicted displacement sensitivity and SQL as 
function of frequency for an input power of 9.6 yuW. As can be 
seen, it should be possible to surpass the SQL over a signifi- 
cant frequency band near the mechanical resonance frequency. 
Fig. |5jb) shows the ratio of displacement sensitivity to SQL as 
a function of input power, predicting that close to regenerative 
amplification threshold the SQL may be surpassed by several 
orders of magnitude. 

Conclusion Near threshold all-optical backaction amplifi- 
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FIG. 5: (color online) Surpassing the SQL using dynamical backac- 
tion. a) Comparison of displacement sensitivity (solid line) to SQL 
(dotted line) for an input power of 9.6 yt/W and the optical and me- 
chanical parameters of the optomechanical amplifier demonstrated 
here, where the SQL is given simply by fi\xQf[\ with;^efF being the op- 
tically modified mechanical susceptibility|21 1. b) Ratio of displace- 
ment sensitivity and SQL as a function of frequency and incident 
power. Model parameters same as for Fig[2] 



cation has been demonstrated, driven by radiation pressure 
and achieving thirty seven decibels of amplification with only 
12 /iW of input power. With diflferent operating conditions the 
same optomechanical system acts as a notch filter suppressing 
optical amplitude fluctuations over a narrow frequency range. 
This represents an enabling step towards future all-optical ra- 
diation pressure driven photonic circuits and communication 
systems, and the achievement of ponderomotive squeezing 
and light matter entanglement in integrated structures. 
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